Abstract --The practical application of high temperature superconductors has been limited by low transport currents in bulk samples. The effect of processing on transition temperature, grain boundary coupling, and flux pinning has been examined for Bi2Sr2CalCu20 Enhancement of Tc based on composition can be ackeved by control of crystallization and subsequent annealing processes while thermo-mechanical processing may be used to modify weak link and flux pinning behavior. The microstructural basis for these changes are related to the composition of the superconducting phase and the presence of defects associated with deformation processing. The implications of these results on conductor development are related to the selection of alloy composition for optimum transition temperature and controlled thermo-mechanical processing which yields a uniform defect structure.
I. INTRODUCTION
The Bi-Sr-Ca-Cu-0 system contains several high temperature superconducting phases which are attractive for conductor applications due to their high transition temperature and ease of fabrication. However, there are several wellknown limitations to the application of these materials. Firstly, most of the known high temperature superconductors exhibit weak-link behavior at grain boundaries. [ 1, 2, 3, 4, 5] While this poses a serious limitation in terms of conductor applications, this behavior has been exploited by those seeking to develop electronic devices based on SQUIDS produced by this weak coupling at grain boundaries. [6, 7] A second limitation is the somewhat low irreversibility line which limits the application of these materials in high magnetic fields at temperatures above =20K. [8] Finally, bulk materials may be limited by relatively poor flux pinning. [3, 8] For example, thin films typically exhibit better flux pinning than bulk samples. In the present state of development, this problem seems somewhat less crucial in light of the more serious limitation due to grain boundary weak links. However, a sensible approach in the development of practical conductors should involve parallel studies of each of these issues.
This work addresses some of these issues in the superconducting phase Bi2Sr2Ca1Cu2Oy. Although the composition of this phase may vary significantly, it is convenient to refer to this phase according to the ideal "2212" stoichiometry. In spite of recent improvements in the understanding of phase equilibrium and kinetics due to several fundamental studies [910, 11, 12] [ 16, 17, 18] This work has utilized analytical electron microscopy (AEM) in a systematic study of the 2212 phase to refine the range of solubility for each element and to establish a correlation between Tc and composition of the superconducting phase. In addition, 2212 material has been subjected to thermo-mechanical processing by hot isostatic pressing. The results from this study provide insight into the mechanical deformation of this phase and suggest some mechanisms to improve flux pinning in this material.
EXPERIMENTAL, PROCEDURES
A series of alloys were prepared in which each element was independently varied from the ideal 2212 stoichiometry. The alloys were prepared by mixing the appropriate ratios of BiO3 , SrCO3, CaC03, and CuO, calcining with intermediate grindings, and finally splat quenching from the melt. In a few instances, calcined powders were cold pressed and sintered without melting and splat quenching. Heat treatments were carried out in a flowing oxygen atmosphere, typically at 865'C for 100 hours. Scanning electron microscopy (SEM) was performed using a JEOL 840A operated at 15 kV while transmission electron microscopy ( E M ) was carried out on a Philips CM-30 operated at 100 kV. Each instrument was equipped with an energy dispersive x-ray spectrometer (EDS). Standards for SEM and E M consisted of a splat quenched amorphous precursor. The Bi2Sr1.7CaCu2Oy powders consolidated by hot isostatic pressing (HIP) were coldpressed, wrapped in Ag foil, sealed in an evacuated stainless steel can, and then HIPed at 825°C at a pressure of 105 MPa for varying times. Magnetization hysteresis loops and superconducting transition temperatures (Tc) were measured in a dc SQUID magnetometer. Figure 1 shows a plot of measured compositions of the 2212 phase versus nominal alloy stoichiometry for the series Bi2S~Cal+~Cu20 in which the Ca content was varied by x=+0.2, f0.5 a n J +0.75 from the ideal value. The compositions were determined by quantitative analysis of EDS spectra collected in the SEM and represent the average of at least 15 measurements. It is immediately apparent that the amount of Ca incorporated into the 2212 phase increases with increasing Ca content in the alloy. The data also 1051-8223/93$03.00 Q 1993 IEEE suggests some decrease in the amount of Sr and Bi contained in the 2212 phase, while the Cu content remains more or less constant. This compositional variation is consistent with the results of other studies. However, due to the penetration and scattering of the electron beam into the sample, this technique is susceptible to fluorescence from nearby or submerged phases. In addition, the 2212 phase generally exhibits intergrowths which may alter the composition somewhat. Therefore, the composition of the 2212 phase was also measured in the "EM, again employing quantitative analysis of EDS spectra. The measurements from the TEM provide greater spatial resolution so that effects from second phases can be avoided. In addition, intergrowths can be identified by imaging the (001) lattice fringes and EDS spectra can be collected from regions which are free of intergrowths. The results of such measurements are shown in Fig. 2 . There are several important differences between the data in Fig. 1 and that in Fig. 2 . Firstly, the variation in Bi content observed in the E M measurements is seen to be significantly smaller than that observed in the SEM measurements. Secondly, the decrease in Ca incorporated into the 2212 phase for alloys with a low nominal Ca content is much lower when measured in the TEM. Finally, a very distinct correlation between Ca and Sr contents and a plateau in the interchange between the two elements is observed. The differences between the measurements performed in the TEM and those collected in the SEM can be related to the greater spatial resolution possible in the TEM. In thin TEM foils, electron scatter is significantly reduced compared to bulk SEM samples, so the effect of nearby impurity phases is reduced.
ID. RESULTS AND DISCUSSION
In addition, the measurements on these intergrowth-free grains avoid the effect of 2201 intergrowths, which are relatively rich in Bi and relatively depleted of Ca and Cu. Thus, the increase in Bi content and the very low level of Ca content in the SEM measurements of the low Ca samples may be attributed predominantly to the presence of those intergrowths. Fig.  4 , the resistive behavior was very different between the two samples. Plotted on a linear scale, the Ca-rich sample exhibits a decreasing normal state resistance and a single transition near 90K with only a small tail. The resistivity decreased below the sensitivity of measurement (zero-resistance) at 72K. In contrast, the Sr-rich sample shows an increasing normal state resistance, a second dip in the resistive transition, and the broad tail, each suggestive of poor coupling across the grain boundaries This behavior is an artifact of the macroscopic composition and resultant phase assemblage which leads to poor coupling at the grain boundaries. Similar effects have been noted in alloys in which the total content of Sr plus Ca was held constant, but the ratio between Sr and Ca was varied.
In general, excesses of Ca seem to provide enhanced diffusion kinetics, presumably due to the smaller ionic radius of Ca so that, even for samples annealed in the solid state, the resistive transitions are narrower than those observed in samples with higher Sr:Ca ratios. However, samples with the lowest Sr:Ca ratios (=1:2) begin to exhibit increasing normal state resistances and broad transitions, similar to those observed in the Bi2Sr2Ca1Cu2Oy sampIe in Fig. 4 . In addition, it is difficult to avoid precipitation of CaO in samples which are rich in Ca. As a result, alloy selection should be based on a compromise between maximum Tc and optimum phase purity and grain boundary coupling. One composition which seems a reasonable compromise is Bi2Sr1.7Ca1.2C~0y.
In addition to these compositional effects, the resistive behavior of these samples is also affected by the thermal processing sequence. For these splat quenched samples, the resistive transition is observed to improve with increasing annealing time for temperatures below the melting point. However, those samples annealed in the solid state invariably exhibit some resistive tail which results in a decrease of the zero-resistance temperature. Annealing in the partial melting 0 50 100 150 Fig. 4 Plot of resistive transition for Bi2Sr2.2CalCu20y. and Bi2Sr2Ca1.5Cu2Oy annealed at 865°C for 100 hours in flowing oxygen regime, however, generally improves the resistive transition by significantly reducing the low-resistance tails. Figure 5 shows the resistive transition on a linear scale for Bi2Sr2Ca1Cu2Oy annealed for 25 hours at 850°C compared to a sample annealed at 875'C. Differential thermal analysis (DTA) suggests that at 875'C the sample exists in a partial melting regime, and the resistive transition for this sample shows a less pronounced tail as a result. The resistivity of the sample annealed at 875'C reached the sensitivity of measurement (zero-resistance) at 81K while the sample annealed at 850'C reached zero-resistance at 70K. annealed at 850'C and 875'C.
The modifications described above resulting from compositional variations and/or changes in thermal processing may be utilized to optimize the transition temperature and connectivity of grain boundaries in these materials. However, some limitations may persist due to weak pinning in the bulk superconductor. Typically, some form of thermo-mechanical processing is incorporated in the fabrication of wires in order to achieve a high degree of grain alignment, thereby minimizing the weak link problem. However, it is also possible to improve flux pinning in the bulk superconductor by an appropriate deformation process.[ 19,203 For example, in 2212 powders which were subjected to hot isostatic pressing, magnetization hysteresis loops were expanded for samples HIPed short times (15 minutes) compared to those HIPed for longer times (120 minutes), as shown in Fig. 6 . Based on the low transport critical currents of these samples and the lack of scaling of magnetization hysteresis upon dividing the sample, it can be assumed that the grains are weakly coupled. Thus, the increase in hysteresis is a reflection of improved pinning within the grains. The microstructural basis for this increase was revealed by TEM to be due to a uniform distribution of defects in the sample HIPed for 15 minutes. During the initial stages of densification, a high density of dislocations was generated. After 120 minutes of HIP, however, many of these defects were annihilated by recovery mechanisms, resulting in a decrease in pinning. temperature -in Bi2Sr2Ca1Cu2Oy. has been examined by 20 correlating compositional measurements of the superconducting phase with T, . It is found that Tc increases proportionally with the sum of Sr and Ca. In general, however, the 2212 phase exists with a slight deficiency in the sum of Sr and Ca, and excesses of those elements results in degradation of the resistive transition related to weak coupling 
